Small GTPases of the Ras superfamily are highly conserved proteins that are involved in various cellular processes, in particular morphogenesis, differentiation, and polar growth. Here we report on the analysis of RAS1 and RAC homologues from the gray mold fungus Botrytis cinerea. We show that these small GTPases are individually necessary for polar growth, reproduction, and pathogenicity, required for cell cycle progression through mitosis (BcRAC), and may lie upstream of the stress-related mitogenactivated protein kinase (MAPK) signaling pathway. bcras1 and bcrac deletion strains had reduced growth rates, and their hyphae were hyperbranched and deformed. In addition, both strains were vegetatively sterile and nonpathogenic. A strain expressing a constitutively active (CA) allele of the BcRAC protein had partially similar but milder phenotypes. Similar to the deletion strains, the CA-BcRAC strain did not produce any conidia and had swollen hyphae. In contrast to the two deletion strains, however, the growth rate of the CA-BcRAC strain was normal, and it caused delayed but well-developed disease symptoms. Microscopic examination revealed an increased number of nuclei and disturbance of actin localization in the CA-BcRAC strain. Further work with cell cycle-and RAC-specific inhibitory compounds associated the BcRAC protein with progression of the cell cycle through mitosis, possibly via an effect on microtubules. Together, these results show that the multinucleate phenotype of the CA-BcRAC strain could result from at least two defects: disruption of polar growth through disturbed actin localization and uncontrolled nuclear division due to constitutive activity of BcRAC.
T
he gray mold fungus Botrytis cinerea is a ubiquitous necrotrophic plant pathogen capable of causing disease in more than 200 plant species. B. cinerea is able to infect different tissues, in which it survives for long periods, thereby causing damage in both fresh and postharvest crops (1, 2) . In recent years, many signaling factors have been identified that are involved in disease development (3) , including mitogen-activated protein kinase (MAPK) cascades (4-6), calcium-mediated signaling (7) (8) (9) , cyclic AMP (cAMP)-related signaling pathways (10, 11) , heterotrimeric GTPases (1, 4) , and protein kinase A (12) .
An important group of proteins, known collectively as small GTPases, is involved in many of these signaling pathways. Proteins in this group can facilitate specific activities downstream of a signaling pathway as well as relay signals within and between signal cascades. Small GTPases are divided into superfamilies, which are further divided into smaller families of proteins. Among these groups, members of the RAS and RHO families are the best characterized. Proteins in this group are involved in various cellular mechanisms, such as growth, differentiation, cell cycle, and cell polarity. All of the protein members in this group bind GTP and hydrolyze it to GDP. The transition between GTP-and GDPbound states correlates with active (GTP) and inactive (GDP) states of the protein (13) .
The first characterization of small GTPases in fungi was performed in Saccharomyces cerevisiae (14, 15) . Today, numerous fungal GTPases of the RAS and RHO families have been characterized (16) . In B. cinerea, RAS signaling is connected to the cAMP pathway, which controls conidial germination (11) , whereas in Aspergillus nidulans, RAS is independent of the cAMP signaling pathway (17) . Homologues of the RHO-type GTPases RAC and CDC42 have been characterized in a number of other fungi. For example, in A. nidulans, these small GTPases have been associated with control of hyphal morphogenesis and polarity establishment (18) . In Colletotrichum gloeosporioides, CgRAC1 is associated with asymmetric development and with the regulation of morphogenesis, pathogenesis, and nuclear division (19) . In Ustilago maydis, RAC and CDC42 regulate polarized growth, cytokinesis, and pathogenicity (20) .
The relationships between homologues of RAS-and RHOtype GTPases have been investigated in the human pathogen Penicillium marneffei. In P. marneffei, RASA acts upstream of CflA (a CDC42 homologue), which shares functions with CflB (a RAC homologue), but both CflA and CflB have unique roles as well (21) . In U. maydis, the effect of RAS2 on morphogenesis and pathogenicity is mediated by the MAPK signaling cascade (22) . In Colletotrichum trifolii, expression of a constitutively active (CA) form of RAS (CA-RAS) resulted in accumulation of elevated levels of reactive oxygen species (ROS). This phenotype was restored by the expression of a dominant negative form of RAC, demonstrating the linkage between RAS-and RHO-type GTPases in this fungus (23) . A connection between RAS and ROS was also reported for Neurospora crassa, where RAS-1-and ROS-dependent signal transduction modulates circadian-and light-regulated gene expression (24) .
In the current study, we analyzed two small GTPases of B. cinerea, BcRAS1 and BcRAC, and determined their involvement in development, cell cycle, pathogenicity, and ROS-dependent signaling. We show that both proteins operate in the same pathway, and although their roles do not completely overlap, both influence the phosphorylation level of the stress-activated MAPK BcSAK1 and share common target genes with it. In addition, we show that BcRAC affects nuclear division, probably through modification of microtubules at mitosis.
MATERIALS AND METHODS
Fungi, media, and plant infection assays. B. cinerea Pers. [teleomorph Botryotinia fuckeliana (de Bary) Whetzel] strain B05.10 was routinely cultured on potato dextrose agar (PDA). For specific purposes, fungi were cultured on various other solid media, including complete medium (CM) (25) , PDA with 10% (wt/vol) mashed bean leaves, and Gamborg's B5 medium with 2% glucose (Duchefa, The Netherlands). Transgenic strains were produced on the background of strain B05.10. Transformants were selected on CM agar containing 70 g ml Ϫ1 nourseothricin or hygromycin. A list of all strains used in this study is provided in Table S1 in the supplemental material.
For DNA isolation, mycelium was produced in potato dextrose broth. For RNA and protein isolation, mycelia were produced in liquid malt medium ( RNAs), the mycelia were harvested by filtration and transferred into 100 ml liquid Czapek-Dox medium, and the cultures were incubated for additional times according to the experimental conditions. Infection assays were performed with Phaseolus vulgaris L. genotype N90598. Primary leaves were inoculated by placing agar plugs with mycelium on both sides of the central leaf vein. Disease was estimated by measuring the numbers and sizes of the lesions at 24 to 96 h postinoculation (p.i.).
Molecular techniques. Fungal DNA was isolated as previously described (26) . Plasmid DNA was isolated using a GeneJet plasmid miniprep kit (Fermentas, Germany). Reverse transcription-PCR (RT-PCR) was carried out with a SuperScript II reverse transcriptase kit (Invitrogen) according to the manufacturer's instructions. Sequences of oligonucleotides that were used in PCRs are listed in Table S2 in the supplemental material. Southern and Northern blot analyses were performed according to the methods in earlier reports (1, 12) .
Western blot analysis. Lyophilized mycelium was ground in liquid nitrogen, and the powder was transferred to Eppendorf tubes containing 1 ml lysis buffer (20 mM Tris-HCl, pH 8.0, 0.05% Triton X-100, 150 mM NaCl, 10 l ml Ϫ1 [each] of phosphatase and protease inhibitors). The samples were incubated for 15 min at 4°C on a rotary shaker, the tubes were centrifuged, and then the supernatant was decanted into fresh tubes and the protein concentration was determined using Bradford reagent. Gel electrophoresis and Western blot analysis were performed as described previously (6, 27) .
Vector construction and production of transgenic strains. (i) bcras1 deletion cassette. A 750-bp fragment upstream of bcras1 (5= flank) was obtained by digesting genomic DNA with SalI and HindIII restriction enzymes. A 568-bp fragment downstream of bcras1 (3= flank) was amplified using primers 5 and 6, which introduced SacII and SacI restriction sites at the 5= and 3= ends of the fragment, respectively. The fragments were cloned into the vector pNR1 (28) , which carries the nourseothricin resistance cassette, resulting in the replacement vector p⌬bcras1. Transformation of strain B05.10 was performed with the deletion cassette (3,280 kb) as described previously (1) . Nourseothricin-resistant colonies were analyzed by PCR with the primer pairs 7-8 and 9-10, which are diagnostic for homologous integration, and 11-12, which amplifies the wild-type (WT) copy (all the primers used in this study are listed in Table  S2 in the supplemental material). Further analysis of the integration pattern was performed by Southern blotting. DNA was digested with ClaI, separated in an agarose gel, blotted, and hybridized with a radioactively labeled DNA fragment from the 3=-flanking part of the replacement vector.
(ii) bcrac deletion cassette. A 750-bp fragment upstream of bcrac (5= flank) was amplified using primers 13 and 14, which introduced SacII and SacI restriction sites in the 5= and 3= ends of the fragment, respectively. A 340-bp fragment downstream of bcras1 (3= flank) was amplified using primers 15 and 16, which introduced ClaI and XhoI restriction sites in the 5= and 3= ends of the fragment, respectively. The fragments were cloned into the vector pNR1, resulting in the replacement vector p⌬bcrac. Transformation of strain B05.10 was performed with the deletion cassette (3,477 bp), and nourseothricin-resistant colonies were analyzed by PCR with the primer pairs 17-9 and 18-8, which are diagnostic for homologous integration, and 18-19, which amplifies the WT copy. Further analysis of the integration pattern was performed by Southern blotting. DNA was digested with EcoRI, separated in an agarose gel, blotted, and hybridized with a radioactively labeled DNA fragment from the 3=-flanking part of the replacement vector.
(iii) Constitutively active BcRAC expression cassette. For expression of CA-BcRAC, the bcrac cDNA (600 bp) was amplified with primers 20 and 21 and cloned into the PTZ57 vector (Fermentas), resulting in pTZBcRAC. A hemagglutinin (HA) tag was added at the 3= end by ligation of an oligonucleotide duplex (22) (23) into pTZBcRAC at the KpnI and PacI sites, destroying the original PacI site and introducing a new PacI site at the beginning of the tag, resulting in pTZHABcRAC. The CA allele of BcRAC (G17V) was generated by site-directed mutagenesis of pTZHABcRAC, using primers 24 and 25, resulting in pTZHA-CA-BcRAC. The HA-tagged CA-bcrac fragment was excised from pTZHA-CA-BcRAC with PacI and AscI and introduced under the control of the B. cinerea actin promoter into the vector KSHANG (29) , which also carries the hygromycin resistance cassette, to form the pKSH-HA-CA-BcRAC plasmid. Diagnostic PCR of the hygromycin-resistant transformants was carried out with primers 22 (tag specific) and 21 to verify expression of the constitutively active protein.
Tissue staining. (i) Trypan blue staining of infected leaf tissue. Staining of infected tissue was performed according to the method of Keogh et al. (30) , with minor changes. Leaf tissue was incubated in lactophenoltrypan blue (1 ml lactic acid, 1 ml glycerol, 10 ml phenol, and 10 mg trypan blue, dissolved in 10 ml distilled water). Following overnight incubation, the samples were boiled for 1 min and then destained by two successive incubations, each for 60 min, in chloral hydrate (2.5 g chloral hydrate dissolved in 1 ml distilled water). Stained samples were mounted in 50% (vol/vol) glycerin and inspected by use of a light microscope.
(ii) Hoechst 33342 staining of nuclei. A stock solution of 1.5 mg ml
Ϫ1
Hoechst 33342 dye was prepared in water. Before use, the stock solution was diluted 1:100 in water or growth medium, and aliquots were applied to mycelium samples on microscope slides. The slides were incubated in the dark for 1 to 2 h in a humid chamber at room temperature before microscopic visualization. For staining of septa, the mycelium samples were further incubated for 15 min with 0.2 mM calcofluor white. Nuclei and septa were visualized with a fluorescence microscope, using the 4=,6-diamidino-2-phenylindole (DAPI) channel.
(iii) Live imaging of nuclei and actin patches. Nuclei were visualized in living cells of transgenic B05.10 strains expressing the histone-GFP (H1-GFP) fusion protein. Actin was visualized in strain B05.10 and CABcRAC-transgenic strains expressing a codon-optimized Lifeact-GFP fusion protein (31) (see Table S1 in the supplemental material for details). Nuclei and actin were localized under a fluorescence microscope using a green fluorescent protein (GFP)-specific filter set.
Microscopy. Fluorescence microscopy was carried out with a Zeiss AxioImager M1 fluorescence microscope. Scanning electron microscopy (SEM) was performed with a Hitachi S-3000N scanning electron microscope. Sample preparation for SEM analyses was performed as previously described (32) .
RAC and cell cycle inhibitors. NSC23766 (Tocris, United Kingdom), a RAC-specific inhibitor, was prepared as a 100 mM stock solution in water. Hydroxyurea (HU), an inhibitor of DNA replication (S phase), was prepared as a 3 M stock solution in water. Benomyl (BEN), an inhibitor of chromatid separation (mitosis), was prepared as a 1-mg ml Ϫ1 stock solution in dimethyl sulfoxide (DMSO). All of the compounds were diluted in water or culture medium to their final concentrations prior to use. Studies on the effects of inhibitors of conidial germination, nuclear division, and hyphal growth were conducted using the B05.10, CA-BcRAC, ⌬bcrac, ⌬bcras1, and H1-GFP strains. For germination experiments, conidia were suspended in Gamborg's B5 medium containing the inhibitor compounds at specified concentrations, and droplets of the suspension were mounted on microscope slides and incubated in a humid chamber at 22°C. In the case of strains that do not produce conidia, fungi were cultured on cellophane-covered PDA medium, and hyphal plugs (2 mm 2 ) were used instead of conidia. After 24 h, germination rates (for conidia), hyphal growth, and numbers of nuclei were determined using light and fluorescence microscopy. The BcRAS1 protein is 99% identical to Sclerotinia sclerotiorum SsRAS1 (accession no. AAT75139.1) and 85% identical to C. trifolii CtRAS1 (accession no. AAC03781.1). BcRAC is 87% identical to C. trifolii CtRAC1 (accession no. AAP89013.1) and 86% identical to Aspergillus fumigatus AfRAC (accession no. XP_754976.1). Both the BcRAS1 and BcRAC proteins have the typical consensus sequences found in all RAS and RAC proteins, respectively. In addition, all of the motifs typical of members of the RAS superfamily of proteins (33) are found in the B. cinerea RAS and RAC proteins (see Fig. S1 in the supplemental material).
RESULTS

Isolation of
The bcras1 or bcrac gene was deleted on the background of WT strain B05.10 by using a deletion construct with a nourseothricin resistance cassette (see Fig. S2A and B in the supplemental material). Strains homokaryotic for the deletion were obtained by single-spore isolation and verified by PCR (data not shown) and Southern blot analyses (see Fig. S2C and D). Growth and morphogenetic phenotypes were verified in several (at least four) independent transgenic colonies for each genotype.
Both the ⌬bcras1 and ⌬bcrac strains had severe growth defects, which precluded further analyses of development-related phenotypes. As a complementary approach, a strain expressing a constitutively active (CA) form of BcRAC was produced by replacement of glycine 17 with valine in the GTP binding and hydrolysis site (G1 box) of the bcrac ORF. The clone was transformed into WT strain B05.10, and expression of the modified gene was verified by RT-PCR (data not shown). Growth and morphogenetic phenotypes of colonies expressing CA-BcRAC were verified in six independent isolates. A detailed study was performed using a single isolate of each of the ⌬bcras1, ⌬bcrac, and CA-BcRAC strains.
Colony and hyphal morphology of the bcras1 and bcrac mutants. The ⌬bcras1 and ⌬bcrac strains were characterized by slow growth and formation of a compact mycelium on solid medium (Fig. 1A) . On the ⌬bcras1 culture plates, we noticed the occasional appearance of sections resembling the WT. Molecular analyses showed that the bcras1-knockout situation was stable in these sections, suggesting the possibility of a suppression mutation. The CA-BcRAC strain had a WT-like growth rate but produced fluffy aerial hyphae. All three strains were vegetatively sterile and did not produce any conidia. In addition, the CA-BcRAC strain also failed to produce sclerotia (Fig. 1B) . Microscopic analyses revealed changes in hyphal morphology that were especially pronounced in the two deletion strains. Hyphae were thickened and highly branched, and cell polarity was disturbed (Fig. 2) . This hyphal architecture can explain the compact colonies and slow growth of the ⌬bcras1 and ⌬bcrac strains. Hyphae of the CA-BcRAC strain also had polarity defects (see Fig. S3 in the supplemental material), and despite the normal growth rate, the septa were more frequent and closer to each other than in WT hyphae (Fig. 3) . The CABcRAC strain did not produce conidiophores, which is consistent with the lack of conidia (not shown).
Pathogenic development is impaired in the bcras1 and bcrac mutant strains. Due to the lack of conidial production in all of the transgenic strains, we used mycelia for infection assays. The ⌬bcras1 and ⌬bcrac strains were completely nonpathogenic and failed to produce disease symptoms on intact or wounded leaves (Fig. 4A) or on various types of B. cinerea-sensitive fruit (data not shown). These results demonstrated that both genes are essential for pathogenicity. However, since both strains were also severely defective in growth, it was impossible to conclude whether the lack of symptoms was due to specific defects in pathogenic development or was an indirect result of the growth defects.
Unlike the complete loss of pathogenicity in the deletion strains, the CA-BcRAC strain caused normal-looking symptoms. There was a slight delay in symptom development during the first 72 h p.i. (Fig. 4B ), but eventually, at 6 days p.i., disease levels were comparable to those on WT-infected leaves (data not shown). However, more detailed microscopic analysis of disease progression in this strain showed that at 24 h p.i., necrotic lesions and hyphal growth were both more advanced in CA-BcRAC-inoculated than in WT-inoculated leaves (Fig. 4C) . At 48 h p.i., hyphal and lesion spread was slowed down considerably in the CABcRAC-infected tissue and increased in the WT-infected tissue (Fig. 4C) . As a result, at 72 h p.i., lesion size in mutant-infected leaves was smaller than that in the WT-infected leaves (Fig. 4B) . After 72 h, lesion expansion in the CA-BcRAC-infected leaves continued, eventually killing the plant as with the WT strain, at 6 days p.i. (data not shown). These results indicated that the CABcRAC strain is altered in early stages of pathogenic development. The initial acceleration of lesion formation could be due to enhanced secretion of necrotizing agents, whereas the pause in development at 48 h is suggestive of defects in the transition from early to late infection phases (34) .
Actin localization is disrupted in hyphae of the CA-BcRAC strain. The morphological abnormalities observed in the bcras1 and bcrac mutants, and in particular the loss of polarity, indicated a possible disturbance of the actin cytoskeleton. This possibility was further supported by studies in other systems showing that fungal RAC proteins modulate polarisome activity, thereby affecting assembly of actin cables (35) (36) (37) . We used the yeast actinbinding protein Abp140 fused to GFP (Lifeact) for visualization of actin distribution in hyphae of the WT and CA-BcRAC strains. The deletion mutants could not be analyzed in this way due to the severe impairment of hyphal growth and difficulties in transformation with these strains. Furthermore, lack of conidia in the CA-BcRAC strain precluded analysis of actin in conidia or during germination. In WT hyphae, actin was concentrated at the tips and the branching sites and in spots of newly formed septa, in agreement with the known pattern of actin localization in fungal hyphae (Fig. 5A) . The typical pattern of actin localization was disrupted in CA-BcRAC hyphae: the actin was more evenly distributed throughout the hyphae (Fig. 5B) . Due to the presence of a WT copy of the bcrac gene and the heterokaryotic nature of this strain, the CA-BcRAC culture always contained a low level of WT nuclei. In these WT nucleus-containing hyphae, actin distribution was similar to that observed in hyphae of the WT strain (data not and CA-BcRAC strains were transformed with a Lifeact-GFP expression plasmid. Mycelia were produced in Gamborg's B5 liquid medium, and samples were mounted on microscopic slides and incubated for 24 h to allow hyphal growth. Images were obtained using a fluorescence microscope in the differential interference contrast (DIC) and GFP channels. (A) WT; (B) CA-BcRAC strain. In panel B, two typical hyphal morphologies are illustrated. The one on the left shows a bulbous structure, which is relatively rare, and in which the actin signal is relatively intense. The figure on the right shows a more typically shaped hypha, in which the signal is generally evenly distributed but weaker. Insets show enlarged images. Bars ϭ 10 m.
shown), further supporting the coincidence of polarity loss and disruption of the actin cytoskeleton.
Modification of conidial germination by RAC and cell cycle inhibitors. None of the transgenic strains produced conidia, and therefore the putative roles of BcRAS1 and BcRAC in germination could not be studied in these strains. To address this question, we therefore used a strain that expresses H1-GFP, in which nuclei can be followed by fluorescence microscopy (38) . First, we treated conidia of the H1-GFP strain with cell cycle-and RAC-inhibiting compounds and determined the effects on germination and division of nuclei. We then compared the effects of these inhibitory compounds on hyphae of the WT and mutant strains.
Conidia treated with a sublethal concentration (0.5 mM) of the RAC-inhibiting compound NSC23766 (39) produced a short germ tube (Fig. 6A, panel a) . At higher concentrations (Ͼ0.85 mM), germination was completely prevented, and even the short germ tube did not develop (Fig. 6A, panel d) . Treatment of conidia of a ⌬bccdc42 mutant with NSC23766 (0.5 mM) also resulted in the production of short germ tubes (data not shown). Lack of dependency of NSC23766 on CDC42, which is a small GTPase that is closely related to BcRAC, reinforced the specific effect of NSC23766 on the latter. To determine whether inhibition of BcRAC influences a certain stage in the cell cycle, we compared the effect of NSC23766 with the effects of known cell cycle blockers-HU, which disrupts DNA duplication during the G 1 /S transition, and BEN, which disrupts microtubule assembly and blocks the G 2 /M transition. Treatment of conidia with HU had a similar but not identical effect to that of NSC23766: at 0.3 M HU, conidia produced a short germ tube before germination ceased (Fig. 6A,  panel b ), whereas at a higher concentration (0.5 M HU), germination was completely blocked (Fig. 6A, panel e) . However, in NSC23766-treated cells, nuclei continued to divide after treatment with the drug (Fig. 6A, panel a) , and cells had the typical swollen morphology of hyphae of the CA-BcRAC or ⌬bcrac strain. However, in HU-treated cells, nuclear division was completely blocked, and the cells retained WT morphology (Fig. 6A, panel b) . Incubation of conidia in medium containing moderate concentrations of both NSC23766 (0.5 mM) and HU (0.3 mM) had an effect similar to that of the treatment with 0.3 mM HU (Fig. 6A,  panel g ). Collectively, these results showed that the inhibition of BcRAC by NSC23766 affects a process during the cell cycle that is downstream of DNA replication (HU checkpoint), suggesting that RAC activation (by its guanine nucleotide exchange factor [GEF]) influences a later stage during the cell cycle.
To address this possibility, we treated conidia with BEN. The effect of the BEN treatment was almost identical to that of NSC23766: at 250 g ml Ϫ1 , conidia produced a short swollen germ tube (Fig. 6A, panel c) , and at 500 g ml Ϫ1 , germination and nuclear division were completely blocked (Fig. 6A, panel f) . Importantly, the combination of moderate levels of NSC23766 (0.5 mM) and BEN (250 g ml Ϫ1 ) had an additive effect, namely, germination and nuclear division were completely blocked, similar to treatments with high concentrations of either one of the compounds alone (Fig. 6A, panel h) . Together, the results with the RAC and cell cycle blockers showed that BcRAC influences a late stage in the cell cycle, after G 1 /S and before or at mitosis.
Nuclear division is affected by BcRac. The results obtained with conidia of the H1-GFP strain suggested that BcRAC is connected with progression of the cell cycle. Moreover, the number of nuclei and their distribution in hyphae of all mutant strains, as opposed to the WT, further confirmed this assumption. In the ⌬bcras1 and ⌬bcrac strains, the number of nuclei per compartment was slightly changed (see Table S3 in the supplemental material). However, the nuclei were more densely packed (increased number of nuclei per hyphal length) than in WT hyphae due to the shorter distance between the septa (Fig. 6B , panels j, r, and v; see Table S3 ). In the CA-BcRAC strain, nuclei were also more densely packed; however, in this strain as well, the number of nuclei in each hyphal compartment was larger than in WT hyphae (Fig. 6B , panel n; see Table S3 ). These results showed that in addition to morphological changes in hyphal size and shape, which are affected by both GTPases, the BcRAC protein might also affect nuclear division.
Next, we compared the responses of the WT and mutant hyphae to the RAC-inhibitory compound. WT hyphae that were treated with 0.5 mM NSC23766 developed the phenotype of the ⌬bcrac strain, namely, short, swollen hyphae with compactly packed nuclei (Fig. 6B , panel k; see Table S3 in the supplemental material). Furthermore, the NSC23766 inhibitor had no effect on hyphae of the ⌬bcrac strain (Fig. 6B, panel s; see Table S3 ), while slightly enhancing the multinucleated and swollen hyphal phenotype of the CA-BcRAC strain (Fig. 6B, panel o; see Table S3 ) (probably due to the lack of or reduced competition with the endogenous copy of RAC). These results, individually and collectively, showed the specificity of NSC23766 for BcRAC and indicated BcRAC's association with nuclear division and the cell cycle.
Finally, to better understand the connection of BcRAC with the cell cycle, we compared the effects of cell cycle inhibitors in WT and mutant hyphae. Treatment with 0.3 M HU completely blocked development in the hyphae of all strains (data not shown). BEN, on the other hand, had a differential effect on the hyphae of the WT and mutant strains. BEN-treated WT hyphae continued to grow and had an increased number of nuclei, a phenotype that is highly similar to that of the CA-BcRAC strain (Fig.  6B , panel l; see Table S3 in the supplemental material). In contrast, treatment of ⌬bcrac and ⌬bcras1 lines with a similar concentration of BEN (250 g ml Ϫ1 ) completely blocked hyphal growth in these strains (Fig. 6B , panels t and x; see Table S3 ). A combination of 250 g ml Ϫ1 BEN with 0.5 mM NSC23766 blocked hyphal growth in the deletion mutants (Fig. 6B , panels u and y; see Table S3 ) as well as the WT (Fig. 6B , panel m; see Table S3 ); however, it did not prevent hyphal growth in the CA-BcRAC line, which grew with both treatments (Fig. 6B , panels p and q; see Table S3 ).
Collectively, the results obtained from the experiments with the RAC and cell cycle inhibitors showed that RAC affects nuclear division and that this effect is probably mediated by microtubules (Fig. 7) . Connection of BcRAS1 and BcRAC with the BcSAK1 MAPK pathway. Colonies of the ⌬bcras1 and ⌬bcrac strains are sensitive to osmotic and oxidative stress. This sensitivity resembles the phenotype previously observed in deletion mutants of the stress-regulating MAPK BcSAK1 (6), suggesting a possible linkage between BcRAS1/BcRAC and the BcSAK1 MAPK cascade. To test this possibility, we compared development and responses to stress in the ⌬bcras1 and ⌬bcrac mutants with those of a ⌬bcsak1 deletion strain.
First, we tested sensitivity of the deletion strains to a range of stress regimens. Because of the relatively slow growth of the deletion strains, sensitivity to oxidative or osmotic stress was calculated as the ratio between growth of each strain under stress and normal (Czapek-Dox medium) conditions. In these experiments, all three deletion strains were more sensitive to stress than the WT strain (see Fig. S4 and Table S4 in the supplemental material). Next, we compared the expression levels of stress-regulating genes-bccat2 and bcbop1-two H 2 O 2 -inducible genes that are downstream of BcSAK1 (40) . Similar to the results reported for the ⌬bcsak1 strain, expression of these genes was not induced in the ⌬bcras1 and ⌬bcrac strains (Fig. 8) . This is in contrast to expression of the BcSAK1-dependent bcddr48 gene (41) and the BcSAK1-independent bctrr gene, which was unaffected (upregulated following treatment, as in the wild type) in the ⌬bcrac and ⌬bcras1 genetic backgrounds.
These results suggest a possible link between the two GTPases and the BcSAK1 pathway, possibly with BcRAC and BcRAS1 residing upstream of the MAPK pathway. In this case, the phosphorylation state of the BcSAK1 protein is expected to be altered on the background of the two deletion strains. To test this hypothesis, we determined the phosphorylation state of BcSAK1 in the WT and in the bcrac and bcras1 deletion strains by using anti-p-p38 antibodies (6) . Western blot analysis of hyphal protein extracts showed enhanced phosphorylation of BcSAK1 following H 2 O 2 treatment in the WT but not in the two deletion strains, thus
FIG 7
Model delineating BcRAC's association with growth and nuclear division. Active BcRAC (*RAC) is necessary for normal growth and forces nuclear division. In the complete absence of BcRAC (deletion strain or NSC23766-treated cells), growth is arrested but nuclear division is synchronous with development, resulting in the normal number of nuclei per cell. In the case of hyperactive RAC (CA-BcRAC), the growth rate is normal because the RAC functions are fulfilled, but nuclear division is continuous, resulting in hypernucleated cells. These RAC effects resemble those of BEN and are therefore probably mediated by tubulin. Mycelium was collected, total RNA was extracted, and gene expression was evaluated by Northern blot analysis. bcbop1, Opsin-1; bccat2, catalase 2; bctrr, thioredoxin reductase; bcddr48, stress protein. bcbop1, bccat2, and bcddr48 are under the control of BcSAK1 (6, 41) , and bctrr is regulated by the transcription factor BcBAP1 (40) .
supporting a signaling connection between BcRAS1 and BcRAC and the BcSAK1 pathway (Fig. 9) .
DISCUSSION
We showed that the B. cinerea small GTPases BcRAS1 and BcRAC regulate growth and morphogenesis, are both necessary for pathogenicity, and might convey stress responses to the BcSAK1 pathway. In addition, BcRAC was found to be necessary for proper progression through the cell cycle, probably during mitosis.
Deletion strains lacking either bcras1 or bcrac produced compact colonies, had hyphae that were hyperbranched and short with obstructed polarity, and were vegetatively sterile. Similar phenotypic alterations in morphogenesis and differentiation in ras and rac mutant strains have been reported for other fungal species. For example, deletion of A. fumigatus rasa resulted in decreased radial growth and shorter hyphae (42) . Deletion of a second fungusspecific ras gene in A. fumigatus or in B. cinerea had similar but milder effects (12, 43) . In the biotrophic pathogen Claviceps purpurea, deletion of cprac resulted in cauliflower-like three-dimensional growth, a reduced growth rate, and failure to produce conidia (27) . Deletion of rac1 in the dimorphic pathogen U. maydis abolished filament formation, while transformation of the fungus with a constitutively active allele was lethal (20) , and a deletion strain of ras2 had disrupted cell morphology and was nonpathogenic to maize (22) . In N. crassa, CDC42 and RAC localized to the forming septa, whereas ⌬cdc42 and ⌬rac strains were hyperseptated (44) . Colletotrichum trifolii transgenic strains carrying a dominant active allele of RAS or RAC had abnormal hyphal proliferation and defects in polarized growth, conidium production, and appressorium formation (23, 45) , suggesting that they share a signaling cascade.
RAC and RAS proteins are essential for hyphal morphogenesis due to their effect on polarisome assembly and actin localization (35) . In Cryptococcus neoformans, RAC acts downstream of RAS, and both proteins are associated with cell division and actin polarization (46, 47) . Formin, a component of the polarisome that catalyzes de novo F-actin assembly, is a direct effector of RAC (35, 48) . The swollen hyphae of the CA-BcRAC strain resemble polarisome defects, particularly due to disruption of actin function. This possibility is further supported by the disappearance of actin foci in hyphae of CA-BcRAC. The possibility that this phenotype is specifically and directly controlled through interaction of BcRAC with the formin protein warrants further validation. Similar to the situation in other systems, BcRAS1 and BcRAC seem to share the same signaling cascade. More significantly, however, we showed that defects in the bcras1 and bcrac deletion strains closely resemble those described for a deletion strain of the stress-activated MAPK BcSAK1. These results, together with differences in the phosphorylation state of BcSAK1 and defects in the transcriptional response of BcSAK1-regulated stress-activated genes on the background of the two deletion strains, are indicative of cross talk between the BcSAK1 and BcRAS1/BcRAC signaling cascades. Pathogenicity of the ⌬bcras1 and ⌬bcrac mutants was completely abolished, suggesting a connection between BcRAS1 and BcRAC and pathogenic development. However, the reasons for the lack of pathogenicity in these mutants are unclear, since the two deletion strains are severely defective in vegetative development and growth, which could account for the reduced disease symptoms. Pathogenicity assays with the CA-BcRAC strain, which had a normal growth rate, were, however, more informative. This strain did not lose pathogenicity, and although lesion formation was delayed compared with that in WT infections, leaves infected with the CA-BcRAC strain eventually developed normally sized lesions. This result could be interpreted as a mild and possibly insignificant effect on pathogenicity. However, further examinations of early (24 to 48 h) and late (48 to 96 h) time points p.i. showed specific changes in both fungal and symptom progression. Microscopic analyses revealed that at the early stage of infection, the mutant actually produces faster-growing hyphae and earlier lesion formation than those in the WT strain (Fig. 4) . Hyphal development and lesion progression then seem to slow down or even pause for a period of approximately 24 h, after which fungal and disease development continues (at 72 h), resulting in the final phenotype of delayed symptoms observed in CABcRAC-infected leaves. While the mechanism behind this phenomenon has yet to be resolved, it points to defects in the coordination of pathogenic development at both early and late infection phases. According to a working model proposed by Shlezinger and coworkers (34) , B. cinerea first secretes necrosisinducing compounds that mediate the early infection stage, and then the fungus produces programmed cell death (PCD)-inducing factors that mediate the spreading lesion. It is possible that regulation of these events is disrupted in the CA-BcRAC strain such that it produces larger amounts of necrosis-inducing factors (e.g., necrosis-inducing proteins or ROS) during the first hours p.i., but the transition between the early and late infection phases and secretion of PCD-inducing factors is delayed. It is also possible that constitutive activation of BcRAC leads to hypersensitivity of the fungus to certain plant defense compounds, such as ROS or phytoalexins (49) . With respect to ROS, however, levels of H 2 O 2 (detected by staining with diaminobenzidine) and superoxide (detected by staining with Nitro Blue Tetrazolium [NBT]) were unchanged in BcRAC compared to WT cultures. Furthermore, the two deletion strains also produced nearly WT ROS levels, except for elevated levels of H 2 O 2 in culture filtrates of the ⌬bcras1 strain (data not shown). It is therefore unlikely that the changes in pathogenic development observed in the CA-BcRAC strain are due to changes in ROS production.
A small number of reports have connected RAC proteins with cell cycle progression (19, 50, 51) . We used RAC-and cell cycleinhibitory compounds to address the possible role of BcRAC in germination and nuclear division. Two sets of experiments were performed, the results of which support a role for BcRAC in reg- ulation of the cell cycle. First, we used the inhibitors to treat conidia of a strain expressing H1-GFP, which enables live visualization of nuclei (38) . These experiments showed an additive effect of the microtubule inhibitor BEN and the RAC-inhibitory compound NSC23766. Importantly, there was no such connection between NSC23766 and HU, which blocks DNA replication in the S phase. The higher sensitivity of conidia to NSC23766 is in agreement with the complete lack of conidial production in both the CA-BcRAC and ⌬bcrac strains, suggesting a specific role for BcRAC in conidial formation and germination.
Experiments with hyphae of the bcrac deletion and CA-BcRAC strains were performed to further address the specificity of NSC23766 for BcRAC and to pinpoint more precisely the stage at which BcRAC affects cells. Results of these experiments confirmed the specific inhibition of BcRAC by NSC23766, showing that treatment of WT hyphae with the compound leads to a phenotype that is almost identical to that of the bcrac deletion mutant: shorter and swollen hyphae, a shorter distance between septa, and a slightly increased number of nuclei/compartments (Fig. 6B , panels k and r; see Table S3 in the supplemental material). Furthermore, the effect of the drug was enhanced in the background of the CA-BcRAC strain, which was expected from inhibition of the BcRAC protein: the CA strain has a WT copy of BcRAC, and the observed phenotype is a net effect of competition between the CA and WT proteins for GTP. Therefore, in the absence of a WT copy (due to inhibition by NSC23766), the phenotype of the CA strain is expected to be enhanced.
Because we unequivocally showed that NSC23766 specifically blocks BcRAC without affecting even the closely related BcRAS1 or BcCDC42 protein, and based on the high similarity of its effects to those of BEN, we can propose that BcRAC affects the cell cycle by interfering with progression through mitosis (Fig. 7) . In this case, namely, if activated BcRAC is necessary for the passage through mitosis, it is expected that the CA allele will cause hypernucleation due to promotion of uncontrolled nuclear divisions. Indeed, the larger-than-normal number of nuclei in hyphae of the CA-BcRAC strain is in accordance with this scenario. Thus, collectively, the genetic (mutant strains) and pharmacological data all support an association between BcRAC and cell cycle progression through mitosis. Our findings strengthen a small number of previous reports that hint at an association between RAC and the cell cycle: in the dimorphic fungus U. maydis, CDC42 and RAC affect cytokinesis (20) , and in Colletotrichum gloeosporioides, modification of RAC leads to changes in the cell cycle and nuclear division (19) . Interestingly, a multinucleated phenotype similar to the one observed in the CA-BcRAC strain (gain of function) was previously reported for B. cinerea BcCDC42 (38) . In that case, the deletion (loss of function) mutant had multinucleated hyphae. Thus, two closely related RHO-type small GTPases, BcCDC42 and BcRAC, seem to have opposite effects on nuclear division: BcRAC promotes it, whereas BcCDC42 seems to suppress it. Whether BcRAC and BcCDC42 interact with each other, e.g., such that BcRAC negatively regulates the cell cycle by suppressing BcCDC42 activity, is unknown and warrants further investigation.
